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Abstract 
For applications involving high temperature contact the mechanical properties at the operating temperature are more relevant than those 
measured at room temperature. High temperature nanoindentation and nano-impact data are reviewed for a wide range of nitride-based hard 
coatings on cemented carbide and design rules suggested for coating optimisation for different machining applications. 
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1. Introduction 
Hard and wear-resistant coatings have been successfully 
applied to cutting tool inserts to prolong tool life in machining 
applications. Key trends in high speed machining such as (i) 
cutting dry for environmental reasons (ii) faster, to increase 
productivity (iii) cutting hard-to-cut materials such as the Ni-
based superalloys and Titanium alloys being increasingly 
required by the aerospace industry are all putting increasing 
demands on the mechanical and thermal performance of 
surface engineered systems [1-4]. When excessive tool wear 
occurs in metal cutting operations the cutting forces increase 
resulting in lower dimensional tolerances, a loss of component 
fidelity and ultimately to poorly manufactured products. The 
only solutions are to cut wet (costly and undesirable for 
environmental reasons) and/or to cut at reduced speed with a 
loss of productivity potentially making the entire process 
uneconomic.  
To achieve long tool life under these conditions coatings 
need to be multifunctional and display several interlinked 
characteristics to minimise wear and it is usually not sufficient 
merely to aim to maximise a single property such as hardness 
or oxidation resistance. Historically the coatings industry has 
tended to design wear-resistant coatings by optimising a small 
number of their properties, such as hardness and oxidation 
resistance, rather than critically analyse how the coatings 
actually work in these demanding applications. Instead, 
greater improvements in materials and processes to minimise 
wear and improve products can come from innovation in 
testing methodology leading to improved fundamental 
understanding. 
Advanced nanomechanics and microtribology, where the 
test techniques are designed to more closely simulate the 
contact scale, strain rate and temperature occurring in the 
actual contact situation whilst utilising a simplified geometry 
of single asperity mechanics, are becoming a key tool in the 
coating design and optimisation process. This has the 
advantage that the evolution of the wear process can be 
followed in situ and be more deeply understood by the 
application of analytical modelling and stress field 
determination. 
In high speed machining frictional heating results in very 
high operating temperatures but the nanoindentation tests used 
to evaluate the mechanical properties of novel PVD coatings 
for potentially improved cutting performance are invariably 
performed at room temperature. If nanomechanical 
measurements are to be used reliably in the optimisation of 
coatings for high speed machining then it is much better that 
the measurements are performed at the relevant temperature.  
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2. Investigation of correlation between high temperature 
mechanical properties and tool life 
The importance of high temperature mechanical properties 
and microstructure on the adaptive and multifunctional 
behaviour in improving tool life can be illustrated with case 
studies. High temperature nanoindentation data have been 
reviewed for a wide range of nitride-based hard coatings on 
cemented carbide and design rules suggested for coating 
optimisation for different machining applications [1]. The 
coatings studied show large differences in how their hardness 
(H), modulus (E) and H/E vary with increasing temperature 
which have a significant influence on their behaviour in high 
temperature mechanical contact applications which have 
differing requirements in terms of hot hardness and plasticity. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 1. Influence of annealing on the high temperature hardness of AlTiN. 
Figure 1 shows an example of how annealing an AlTiN 
coating (deposition temperature = 600 ºC) for 2 hr at 700-900 
ºC in vacuum alters its high temperature hardness measured at 
60 mN. The nanoindentation data typically show some scatter 
throughout the temperature range due to the high surface 
roughness of the coatings. The tests were repeated at 20 mN 
and a similar stabilization of the high temperature hardness 
after annealing at 700 and 900 ºC was observed. The 
improvement in high temperature hardness is due the 
annealing altering the coating microstructure, where the 
coating undergoes partial spinodal decomposition to cubic c-
AlN and c-TiN-rich domains.  
Different cutting conditions have differing relative 
requirements in terms of coating hardness (load support) and 
plasticity (energy dissipation). Figure 2 shows how the 
annealing influences tool life in different high speed 
machining operations. Variation in cutting life from repeat 
tests is typically around 10-15 %. Plasticity can be considered 
as an indirect measure of the toughness of the coating, since 
coatings with higher plasticity can more easily relieve 
accumulated strain by plastic deformation rather than brittle 
fracture. At room temperature the plasticity index is slightly 
lower for the coating annealed at 900 ºC. When measured at 
500 ºC it is 0.73, 0.58 and 0.47 for the as-deposited, 700 ºC 
and 900 ºC annealed AlTiN coatings respectively. 
In continuous high-speed turning operations the high 
temperature hardness is paramount and coatings with high hot 
hardness (such as AlTiN after annealing at 900 ºC) display 
longer tool life. In interrupted cutting conditions toughness 
and plasticity are at least as important, and in end milling of 
hardened steels for example, high hot hardness should be 
combined with improved plasticity for longer tool life (so in 
the example above annealing at 700 ºC is optimal). It has a 
combination of properties that provide a more stable 
environment for alumina-based tribo-films to form and grow 
in interrupted cutting conditions than the coating after 
annealing at higher temperatures which display lower 
plasticity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Influence of annealing AlTiN on tool life. 
Multilayer PVD coatings have been reported to produce 
enhancements in tool life [5]. Multilayer 
TiAlCrSiYN/TiAlCrN coatings have recently shown 
improved performance compared to the state of the art 
monolayer coatings in machining hardened steels and hard-to-
cut aero alloys [1-4]. During machining, formation of 
protective tribo-films form on the surface of TiAlCrSiYN-
based coatings results in beneficial heat-redistribution in the 
cutting zone. The tribo-films act as a thermal barrier creating a 
strong thermal gradient. The nanomechanical properties of the 
underlying coating layer (high H and H3/E2 at 600 ºC) provide 
a more stable low wear environment for the tribo-films to 
form and regenerate so it can survive high temperatures under 
operation (600 ºC). The high wear resistance of the multilayer 
TiAlCrSiYN/TiAlCrN coating under extreme operating 
conditions is due to this combination of characteristics.  
3. Conclusions and outlook 
The high temperature nanoindentation data show excellent 
correlation to coating life in high speed machining 
applications.  
The test technology can also be used in the optimisation of 
coatings for longer life in sliding and abrasive wear contacts. 
In a typical tribo-contact the actual contact occurs only at the 
peaks of the asperities which represent a small fraction of the 
apparent area of contact. The true contact stress and its 
distribution are unknown. Flash temperatures in high speed 
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sliding can reach several hundred degrees. Most sliding wear 
tests are performed at room temperature with unknown 
frictional heating raising the temperature in the contact zone.  
A promising alternative strategy in designing coating 
systems for high temperature wear protection is to perform 
more controlled single-asperity (nano- and micro-) scratch 
tests with control of sliding speed and test temperature. High 
temperature micro-scale scratch and wear tests on TiAlN, 
AlTiN and AlCrN coatings show marked differences that 
correlate with their mechanical properties and the evolution of 
the stress fields in the wear tests. 
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